A B S T R A C T Detailed quantitative studies were performed on the generation and utilization of energy by resting and phagocytosing human neutrophils. The ATP content was 1.9 fmol/cell, was constant during rest, and was not influenced by the presence or absence of glucose in the medium. The intracellular content of phosphocreatine was less than 0.2 fmol/cell.
INTRODUCTION
Neutrophils are important constituents of the motile phagocyte system active against invading microorganisms. These cells expend energy in the performance of active movements both when approaching and engulfing their prey. The energy metabolism of neutrophils has been the subject of many investigations, and it is generally accepted, as first established by Sbarra and Karnovsky (1) , that the energy used is derived mainly from glycolysis, although a marked increase in respiration accompanies phagocytosis (2) . This respiratory burst of phagocytosis results in the production of toxic oxygen derivatives which participate in the killing of ingested organisms (3) (4) (5) . The extra energy required for phagocytosis (6) is thought to originate from increased production of lactate, but quantitative data given in the literature vary considerably (1, (7) (8) (9) (10) . Moreover, most of these previous studies used nonhuman peritoneal exudate cells. We performed quantitative studies of the energy metabolism of human blood neutrophils. Our aim was to measure the rates of ATP production and consumption both during rest and phagocytosis. Determination of intracellular content of ATP in the presence and absence of metabolic inhibitors pointed to a glycolytic origin of the ATP. Rates of glucose consumption, glycogen breakdown, and lactate production were determined in order to quantitate the rate of ATP generation and compare these figures with cellular content of ATP. In addition, the energy metabolism of neutrophils from patients with chronic granulomatous disease was investigated. (2, 5 diphenyl oxazole) was from E. Merck, Darmstadt, West Germany. Serum-treated zymosan was prepared using pooled human serum as described (11) . Immunoglobulin G-coated latex particles were prepared as described (11) .
METHODS
Isolation of cells. Blood, 25-500 ml, was withdrawn from patients and healthy controls giving informed consent. The blood was heparinized, 40 IU/ml, and dextran T-150, 1 g/ 100 ml, was added. After standing at room temperature for 30 min for the erythrocytes to sediment, the leukocyte-rich supernate was aspirated, layered on Ficoll-Isopaque (Lymphoprep), and centrifuged at 800 g for 15 min in a Sigma 3 E-1 centrifuge. The granulocyte-erythrocyte pellet was gently suspended in 10 ml distilled water for lysis of contaminating erythrocytes. Isotonicity was restored after 30 s by addition of 30 200 ,ul were withdrawn at the times indicated and immediately mixed with 100 Ml 0.6 M perchloric acid. The precipitate was pelleted by centrifugation and lactate in the supernate was measured spectrophotometrically as described (12) by following the generation of NADH in the presence of lactate dehydrogenase and hydrazine. Briefly, 50 Ml supernate was mixed with 100 Ml 27 mM NAD+ and 1000 Il 0.4 M hydrazine, 0.5 M glycine, pH 9.0 in both reference and sample cuvettes. The reaction was initiated by adding 10 Ml lactate dehydrogenase (100 U) to the sample cuvette and an equal amount of buffer to the reference. After 80 min at room temperature, the difference in absorbance between sample and reference was read at 340 nm. Assays were run in triplicate. Standards containing known amounts of lactate were always included as reference. At the time indicated, serumtreated zymosan (STZ)l (final concentration of 4 mg/ml) or an equal volume of buffer was added.
Flux through Embden-Meyerhof pathway. In order to ' Abbreviations used in this paper: PMA, phorbol myristate acetate; STZ, serum-treated zymosan particles. detect rapid changes in the flux of glucose through the Embden-Meyerhof pathway, the method of Ashcroft et al. (13) for estimation of glucose flux in pancreatic beta cells was adapted to human neutrophils. The method is based on the exchange of 3H from [5-3H] Ml 10% trichloroacetic acid. The precipitate was pelleted by centrifugation and the supernate was withdrawn and extracted with ether five times. Phosphocreatine was then measured kinetically in dilutions of this extract by following the generation of ATP in the presence of creatine phosphokinase using the CK kit of LKB as follows: It was ascertained that added commercial phosphocreatine was quantitatively recovered after the precipitation and extraction steps. 900
Ml of CK reagent containing firefly luciferase in buffer was mixed with 20,Ml creatine phosphokinase (200 mU/ml) and 20 MAl ADP substrate and incubated for 15 min at room temperature; 60 Mtl extract or phosphocreatine was then added and the luminescence in the LKB luminometer continuously recorded on a chart recorder. By using commercial phosphocreatine, it was established that the slopes of the curves obtained after addition of samples were proportional to the phosphocreatine concentration in the range of 0.005-1 mM and that the slopes of the curves were unaffected by addition of ATP. The starting points of the curves were shifted upwards proportional to the amounts of ATP added as expected.
Chronic granulomatous disease patients. maleimide, which are generally used as inhibitors of glycolysis, resulted in reduction of cellular ATP concentration and of the response to a phagocytic stimulus.
The mitochondrial inhibitors, cyanide and azide, in concentrations of 1 mM and antimycin A in a concentration of 10 uM, had no effects on resting ATP level or on the response to addition of STZ either in the presence or absence of glucose (data not shown). Fig. 2 shows that the decrease in cellular ATP concentration, whether induced by phagocytosis or by addition of 2-deoxyglucose, is not accompanied by any increase in ADP and AMP concentrations, which are virtually constant during phagocytosis and decrease slightly following addition of 2-deoxyglucose. Thus, the fall in total adenine nucleotides is solely accounted for by the fall in ATP.
Phosphocreatine. By using a kinetic assay where the rate of ATP formation from phosphocreatine is measured in the presence of creatine phosphokinase, a linear dose-response curve was obtained for phosphocreatine in the range of 0.005 to 1 mM. ATP present in the cellular extract was carried over into the phosphocreatine assay and immediately reacted with the luciferase to give an increase in luminescence corresponding to the amount of ATP present. A limit was therefore set for the concentration of extracts that could be assayed for phosphocreatine. If the extract concentration did not exceed the equivalent of 3 X 107 cell/ml, the assay remained sufficiently sensitive to detect 5 uM added phosphocreatine. Since none was, in fact, detected in the extract of 3 X 107 cells/ml, the amount of phosphocreatine in the 1 ml reaction mixture was <5 ,mol and the amount per cell was <0.17 fmol.
Glycolysis. The turnover of 3H from [5-3H] [5-3H] glucose to 3H20 is a measure of the production of phospho-enol pyruvate, these results indicate that the activity of the Embden-Meyerhof pathway is unchanged during phagocytosis in the presence of glucose.
Direct measurements of lactate production confirmed the observation that in the presence of glucose, Energy Metabolism of Human Neutrophilsaddition of STZ as a phagocytic stimulus did not intensify lactate production, which was measured to be 1.3 fmol/cell per min, as calculated from the slope of the curve in Fig. 4 . Neither did addition of IgG-latex (4 X 109 particles/ml) as a phagocytic stimulus intensify the lactate production (data not shown).
In the absence of glucose, the lactate production was significantly reduced (0.51 fmol/cell per min, as calculated from the slope of the curve in Fig. 4) . However, in this situation, addition of a phagocytic stimulus induced an immediate increase of nearly 60% in the rate of lactate production.
Glucose consumption. As seen from Fig. 5 , glucose consumption by neutrophils is linear with time and is not increased when the cells are induced to phagocytosis by addition of STZ. A glucose consumption of 0.84 fmol/cell per min was calculated from the figure.
Glycogenolysis. Fig. 5 shows that very little depletion of the endogenous glycosyl reservoir, glycogen, occurs in neutrophils when glucose is present in the buffer medium. Even during phagocytosis, there is no measurable increase in glycogenolysis. However, in the absence of glucose, glycogen is broken down at a rate corresponding to the formation of 2.4 X 10-l6 glycosylic units per cell per min, and addition of STZ enhances this rate of glycogenolysis three to fourfold. However, the rate of glycogenolysis is not linear with time and gradually levels off. As seen from Fig. 6 , phosphorylase a, the effector enzyme of glycogenolysis, is inactivated following addition of 5 mM glucose and remains inactive in the resting cell. Addition of STZ, however, induces a flash activation of phosphorylase. In the absence of glucose, the level of phosphorylase a activity in the resting cell is significantly higher, and addition of STZ induces a rapid activation of phosphorylase a activity that lasts longer than in the presence of glucose.
Chronic granulomatous disease. The ATP concentration during rest and the drop subsequent to phagocytosis were both normal in neutrophils from patients with either the autosomal recessive or the X-linked form of chronic granulomatous disease. The rate of glycolysis measured as 3H20 formation from [5-3H] glucose was also normal in these patients (data not shown). DISCUSSION The results demonstrate that the ATP concentration in the human neutrophil is not dependent on mitochondrial activity, whereas addition of glycolytic inhibitors reduces intracellular ATP. This strongly indicates that the human neutrophil derives energy mainly from glycolysis. This conclusion has been drawn before by other investigators working with neu- trophils from different sources [guinea pig (1, 17) , rabbit (7), rat (8) , man (18) ]. The ATP generation in the cells may, therefore, be calculated from the rate of lactate production.
In the presence of glucose, endogenous glycogen is not significantly degraded as also observed before (19, 20) and each mole of lactate produced, therefore, represents 1 mol of ATP formed from ADP. The finding of a lactate production of 1.3 fmol/cell per min, which is in agreement with previous reports (21, 22) , therefore indicates a turnover of ATP of 1.3 fmol/cell per min. The steady state concentration of ATP of 1.9 fmol/cell agrees well with previous findings in human cells (23) (24) (25) .
During phagocytosis, the ATP concentration drops to 0.8 fmol/cell during the first 5 min of phagocytosis after which a steady level is reached. The period of time corresponds with the time during which phagocytosis takes place (26) . We were unable to measure any increase in lactate production by the cell when phagocytosis was initiated. Sbarra (27) .
Our finding is supported by the independent observations that glucose uptake, 80% of which is accounted for by lactate formation, is not increased by phagocytosis, and that endogenous glycogen is not mobilized by the flash activation of phosphorylase. These results carry the drawback that any changes observed during phagocytosis are superimposed on the values from the resting period. However, the turnover of [5-'H] glucose to 3H20, because of rapid equilibration of glucose across the leukocyte plasma membrane (28) , permits estimation of the flux rate in the Embden-Meyerhof pathway at any time during the incubation, and the finding that this turnover is not changed by phagocytosis independently indicates a constant rate of glycolysis. Therefore, it seems safe to conclude that the rate of formation of ATP from carbohydrates is not increased during phagocytosis. The finding of a phosphocreatine concentration < 0.2 fmol/cell excludes this compound as a major donor of energy. Consequently, the drop of ATP from 1.9 to 0.8 fmol/cell during phagocytosis represents the extra amount of energy consumed in this activity; since this ATP is used during 3-5 min, there is an increase in ATP consumption of roughly 20% per min. Since this extra ATP consumed liberates 2 mol of high energy phosphates per mole of ATP (see below), the increase in energy consumption per min is 40% during the first minutes of phagocytosis. Loike et al. (29) found phosphocreatine to be present in a concentration of three to five times the ATP concentration in mouse peritoneal macrophages, and argued that this, under certain conditions, provided the energy for phagocytosis. Unfortunately, the ATP generation was not given to assess the significance of this pool of high energy phosphate, but the results demonstrate a clear difference between macrophages and neutrophils.
In the absence of glucose, lactate production is significantly lower but, since in this situation glucose-6-phosphate is formed from glycogen without use of high energy phosphate, each mole of lactate produced represents 1.5 mol of ATP formed from ADP. The calculated rate of ATP generation, therefore, becomes 0.75 fmol/cell per min, which is considerably less than the generation observed in the presence of glucose. During phagocytosis in glucose-free medium, there is a significant increase in glycogenolysis caused by a sustained activation of glycogen phosphorylase and a 60% increase in lactate production. The resulting calculated rate of ATP generation of 1.2 fmol/cell per min is slightly less than that calculated for cells in the presence of glucose. Unexpectedly, the ATP concentration is kept equally high as in the presence of glucose, but the phagocytosis-induced fall is more sluggish and this adds to the difference in high energy phosphate consumption during phagocytosis in the presence and absence of glucose.
The results with CGD patients demonstrate that lack of oxidase function does not affect the energy metabolism of these cells, which is in accordance with the normal phagocytic and chemotactic activity most often observed in these patients (30, 31) .
The phagocytosis-associated fall in intracellular ATP concentration in human neutrophils has been observed by others (10, 24) , although some earlier investigators working with nonhuman neutrophils failed to demonstrate it (9, 20) . The observation that the fall in ATP concentration is not followed by any measurable increase in ADP or AMP concentration shows that ATP is converted beyond AMP and, therefore, that the fall in ATP concentration represents an irreversible consumption of ATP with liberation of two high energy phosphates. This total loss of adenine nucleotides is also observed when the ATP concentration is lowered by addition of 2-deoxyglucose, and it seems that whenever the consumption of ATP is greater than the generation, the products, ADP and AMP, do not accumulate but are rapidly metabolized further. It should be noted that Tauber and Roberts, using 31P nuclear magnetic resonance to estimate cellular ATP and ADP concentrations during stimulation with PMA and STZ, demonstrated no increase in ADP concentration despite a significant fall in ATP concentrations (24) . Likewise, Newby and Holmquist (32) found that when rat neutrophils were depleted of ATP by incubation with 2-deoxyglucose, the ATP was quantitatively recovered as hypoxanthine through inosine monophosphate. It might be that the irreversible loss of adenine nucleotides observed during phagocytosis is a limiting factor in determining the extent and duration of particle ingestion. It also seems likely that the characteristics of ATP turnover are important determinants of other functions of the neutrophil such as chemotaxis, degranulation, and killing. The results presented here provide a quantitative basis for understanding the sources, generation, and utilization of energy by the human neutrophil as it performs these vital host defense functions.
